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In this paper we did a study of the physicochemical, dielectric and piezoelectric properties
of anionic collagen and collagen-hydroxyapatite (HA) composites, considering the
development of new biomaterials which have potential applications in support for cellular
growth and in systems for bone regeneration. The piezoelectric strain tensor element d14,
the elastic constant s55, and the dielectric permittivity ε11 were measured for the anionic
collagen and collagen-HA films. For the collagen-HA composite film (Col-HACOM) the main
peaks associated to the crystalline HA is present. For the nanocrystalline composite,
nanometric HA powder (103 nm particle size) (HAN), obtained by mechanical milling were
used. For the composite film (Col-HAN) the HA and CaH(PO4)2H2O phases were detected.
One can see that the HA powder (HAN) present the main peaks associated to crystalline HA.
The IR spectroscopy measurements on HA-COM and HAN powders, Col-HACOM and
Col-HAN composite films and collagen film (Col) presents the main resonances associated
to the modes of (PO4)3−, (CO3)2−. The IR spectra of Collagen Film (Col) shows the bands
associated to amide I (C=O), amide II (N H) and amide III (C N) vibrational modes. The
scanning electron photomicrography of the Col-HACOM and Col-HAN films, respectively,
shows deposits of HA on the surface of collagen. It also shows that HACOM crystals has a
dense feature, whereas the HAN crystals has soft porous surface. Energy-dispersive
spectroscopy (EDS) analysis showed that the main elements of the hybrid sponge were
carbon, oxygen, calcium, and phosphorus. The EDS of HACOM crystal, present in the
Col-HACOM composite showed a molar ratio Ca/P = 1.71, whereas the Col-HAN composite
the molar ratio of calcium and phosphorus (Ca/P = 2.14) and the amount of carbon were
greater. The piezoelectric strain tensor element d14 obtained for the anionic collagen was
around 0.102 pC/N. The collagen composite with nanocrystalline HA crystals (Col-HAN)
present a better result (d14 = 0.040 pC/N) compared to the composite with the commercial
ceramic (d14 = 0.012 pC/N). This is an indication that the nanometric particles of HA present
little disturbance on the organization of the collagen fibers in the composite. In this
situation the nanometric HA are the best candidates in future applications of these
composites. c© 2002 Kluwer Academic Publishers
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1. Introduction
Calcium phosphate based bioceramics, mainly in the
form of hydroxyapatite (HA), have been in use in
medicine and dentistry for the last 20 years. Ap-
plications include coatings of orthopedic and dental
implants, alveolar ridge augmentation, maxillofacial
surgery, otolaryngology, and scaffolds for bone growth
and as powders in total hip and knee surgery [1]. These
materials exhibit several problems of handling and fab-
rication, which can be overcome by mixing with a suit-
able binder. Recently, a great interest has been focused
on the use of composites of biodegradable or bioreab-
sorbable materials, such as collagen [2, 3], gelatin [4],
and synthetic polymers, like polyhema [5].

Collagen, which exists in a variety of morphological
forms [6], is the most abundant structural protein of the
animal connective tissue and has a long history as bio-
material [7]. Individual molecules of collagen, which
are semi flexible rods ∼280 nm in length and ∼1 nm
in diameter, undergo self-assembly to form interwo-
ven network-like structures, ranging from long fibrils
to complex structures. The native fibrils possess a high
degree of axial alignment of collagen molecules and are
characterized by a regular stagger of approximately 1/4
of a rod length between each molecule and its axially
aligned neighbor, which is characterized by a banding
pattern with a ∼67 nm period [8, 9]. In vitro, fibrils
with the characteristic 67 nm pattern similar to that of
the native fibril have been produced.

Some biological materials and biopolymers are
found to exhibit the polar uniaxial orientation of mole-
cular dipoles in their structure and can be consid-
ered as bioelectret. Such materials show pyroelec-
tricity and piezoelectricity. Biocompatible polymeric
materials are now used extensively after proper po-
larization treatment for biomedical applications such
as antithrombogenic surfaces and artificial membranes
[10]. Pyro and piezoelectric studies in various types of
biological systems showed the presence of natural po-
larity in the structure of various parts of animals and
plants. In many natural structures the polar molecules
such as proteins are aligned in parallel with a pre-
ferred direction of the polar axis to form the crystalline
structure. Therefore, such structures can be regarded as
natural electrets. Because of this intrinsic polarization,
pyroelectricity and piezoelectricity in the axial direc-
tion can be observed [10].

The piezoelectric properties of collagen has been in-
vestigated in complex biological systems such as bone
and tendon. The piezoelectric properties of bone are
of interest in view of their role in bone remodeling
[11]. The stress generated potential of bone promoted
osteogenesis, which are mediated by electrical current
generated by piezoelectric materials through changing
pressure [12]. The magnitude of the piezoelectric sen-
sitivity coefficients of bone depends on frequency, on
direction of load, and on relative humidity [13]. Values
up 0.7 pC/N have been observed in bone [14]. Marino
et al. [15] examined the relation between collagen’s
film piezoelectricity and its electron microscopic ap-
pearance, in films with different degree of organization,
and suggest that the piezoelectric effect originate either
at the level of tropocollagen.

In the present investigation, a collagen film and two
composite filmes of collagen-hydroxyapatite were pre-
pared and characterized by infrared absorption, scan-
ning electron microscopy, X-ray diffraction, dielectric
and piezoelectric investigation, considering the devel-
opment of new biomaterials which have potential appli-
cations in guided bone regeneration. The first composite
was prepared with the anionic collagen and a com-
mercial hydroxyapatite (Col-HACOM) and the second
one was prepared using nanocrystalline hydroxiap-
atite obtained by our group using mechanical alloying
(Col-HAN) [16].

2. Experimental methods
2.1. Collagen preparation
The collagen was prepared by solubilization of colla-
gen from bovine serosa after 72 h of treatment under
alkaline conditions in presence of salts, followed by
homogenization in acetic acid solution, at pH 3.5 [17].
The samples were dialised against acetic acid solution,
at pH 3.5, and brought to a final concentration of 1%,
determined by hydroxiproline [17].

2.2. HA nanocrystalline powder
In this paper mechanical alloying has been used suc-
cessfully to produce nanocrystalline powders of hy-
droxyapatite (HA) using the procedure [16]:

10Ca(OH)2 + 3P2O5

IMPACTS→ Ca10(PO4)6(OH)2 + 9H2O

2.2.1. Reaction 1
Commercial oxides Ca(OH)2 (Vetec, 97% with 3% of
CaCO3), P2O5 (Vetec, 99%), were used in the HA
preparation [16]. For this reaction the material was
ground on a Fritsch Pulverisette 6 planetary mill with
the stechiometric proportionality between the oxides
given in above equation. Milling was performed in
sealed stainless steel vials and balls under air, with
350 rpm as rotation speed. The powder mass to the
ball mass ratio used in all the experiments was near
1/6. To avoid excessive heat the milling was performed
in 30 min milling steps with 10 min pauses. Mechanical
alloying was performed for 60 hours of milling.

To compare the efficiency of the milling process
we also use Commercial Hydroxyapatite (Vetec, 98%)
(HA-COM) to compare with the milled ceramics.

2.3. Preparation of the films
The composite film was casted in acrylic molds from a
collagen sponge which is soaked in saturated solution
of HA, and dried in laminar flow of air. The collagen
sponge was prepared equilibrating the soluble colla-
gen in phosphate buffer, 0.13 mol/L, pH 7.4 by 120 h,
followed by centrifugation (10000 rpm, 1 h). The re-
sulting gel was poured on the acrylic mold and then was
lyophilized.

2.4. X-ray diffraction
The X-ray diffraction (XRD) patterns were obtained
at room temperature (300 K) by step scanning using
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powdered samples. We used five seconds for each step
of counting time, with a Cu-Kα tube at 40 kV and 25 mA
using the geometry of Bragg-Brentano. The analysis of
the grain size (Lc) of the HA phase has been done for
all samples using the Scherrer’s equation [18],

Lc = kλ

β cos θ

where k is the shape coefficient (value between 0.9 and
1.0), λ is the wave length, β is the full width at half
maximum (FWHM) of each phase and θ is the diffrac-
tion angle. For this purpose, we chose the single peak
near 25.8 degree within the pattern and according to
P63/m space group of HAP, this peak correspond to
hkl = 002, along to the c crystallographic axis. We have
used the LaB6 (SRM 660-National Institute of Standard
Technology) powder standard pattern to determine the
instrumental width (winst = 0.087◦) and afterward to
calculate the crystalline size via Equation 1. The β pa-
rameter has to be correct using the following equation:

β =
√

w2
exp − w2

inst

where wexp correspond to experimental FWHM ob-
tained for each sample. The crystalline size for the
milled ceramic was obtained, assuming coefficient
k = 1, can be seen in Fig. 3 (HAN). The XRD patterns
indicates that the grain size is around 103 nm for the
milled ceramic (Fig. 3, HAN) through reaction 1.

2.5. Scanning electron microscopy
The photomicrograph of membranes of collagen, and
collagen-HA composite, casted in phosphate buffer pH
7.4 under 0.15 mol/L of ionic strength, were obtained
on a Scanning Electron Microscope, Phillips XL-30,
operating with bunches of primary electrons ranging
from 12 to 20 keV, in rectangular lyophilized samples,
covered with a layer of carbon of 30 nm of thickness.

2.6. Infrared spectroscopy
Transmission IR spectra were taken in a SHIMATZU
FTIR-283B spectrophotometer in the wavenumber re-
gion 400–4000 cm−1.

2.7. Piezoelectric and dielectric
measurements

The piezoelectric and dielectric measurements were ob-
tained from a HP 4291A Material Impedance Analyzer
in conjunction with a HP 4194 Impedance Analyzer,
which jointly cover the region of 100 Hz to 1.8 GHz.
In Fig. 1 one has the sample geometry we used for the
dielectric and piezoelectric measurements. Rectangu-
lar coordinates are assigned to the samples as shown
in Fig. 1. The 2-3 plane is the sample plane, and the 1
axis is perpendicular to the plane of the sample. The flat
faces of the samples are painted with a silver electrode.

3. Piezoelectric model
The piezoelectric model was already discussed in the
literature [17]. The piezoelectric strain element d14 for

Figure 1 A rectangular coordinate assigned to the sample for the mea-
surement of piezoelectric and dielectric constant.

the shear piezoelectric is given by [17]:

d14 = k14

√
εT

11s E
55 (1)

where is given by:

s D
55

s E
55

= εS
11

εT
11

= 1 − k2
14 (2)

Where k14 is the piezoelectric coupling factor, εT
11 is

the dielectric permittivity obtained by a measurement
of the capacitance at a frequency below the fundamen-
tal resonance, εS

11 is obtained by measurement of the
capacitance at a frequency above the resonance mode
and the elastic compliance s D

55 is given by:

s D
55 = 1

4ρ( f · L)2
(3)

which is determined from the successive resonance fre-
quencies of the shear mode. Where f · L is the fre-
quency constant which is the product of the resonance
frequency and the diameter of the sample (controlling
dimension of the sample, L 
 e, see Fig. 1) and ρ is the
sample density. From the experimental measurement of
εT

11, εS
11, f · L and ρ one can obtain s D

55 (Equation 3),
k14 (Equation 2) and d14 (Equation 1). In Table I one
has the experimental values of these constants under
study [17].

3.1. Loss factor measurement
For the ceramics that are used as transducers for the gen-
eration of ultrasonic waves, considerable heat is gener-
ated in the transducer at a high power level, and thus
limits the maximum radiated power. The origin of this
effect has been investigated by some authors. Some of
them attributed it to the dielectric hysteresis [19, 20], but
its main cause was interpreted as the internal friction
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T ABL E I Density (ρ), thickness (e), dielectric permittivity (ε), frequency constant ( f · L) and piezoelectricity (d14) of collagen and collagen-HA
samples

Films ρ (Kg/m3) e (µm) 1 MHz εT
11/ε0 1 GHz εS

11/ε0 f · L (kHz · m) d14 (10−12 CN−1)

Col 948.4 27.88 1.53 1.29 253.86 0.102
Col-HACOM 930 150.72 1.89 1.87 654.22 0.012
Col-HAN 918.9 97.68 2.00 1.70 744.53 0.040

of the ceramic [19, 20]. The dissipation of mechani-
cal energy near the resonance must be represented by
an internal resistance. For the piezoelectric ceramics
the internal friction and dielectric loss are found to be
mostly caused by dissipation within the grain crystal-
lite, and the major contribution of the dissipation in
the grain may be the average in some sense, involving
mechanical and dielectric loss losses of single domain
crystal. The loss factor was measured Q−1 using the
electric admittance resonance curve by:

Q−1 = f2 − f1

f0
(4)

The frequencies corresponding to |Y | = |Ym| 0.707 are
indicated by f2 and f1 where |Ym| is the peak value of
the resonance and f0 is the frequency of the resonance.

4. Results and discussion
Anionic collagen is a collagen with net negative charge
in neutral pH which can be prepared by selective hy-
drolysis of carboxidiamides groups of residues of as-
paragine and glutamine present in the protein, due
to alkaline treatament [21]. The biocompatibility and
biodegradation studies of anionic collagen membranes
showed that: cell alterations, mineralization or contact
necrosis were not observed in any of the membranes
studied [22]. Other work describes the preparation and
characterization of anionic collagen composites with
rhamsan and vinylidene fluoride-trifluorethylene with
improved rheological and dielectric properties without
loss of collagen secondary structure with an interac-
tion occurring between both macromolecules of the
composites [23].

4.1. X-ray diffraction
Figs 2 and 3 shows X-ray diffraction patterns of HA
powders and collagen films. In Fig. 2 one has the x-ray
diffraction of the commercial HA powder (HA-COM),
used to prepare our first composite film, together with
the x-ray diffraction from the pure collagen film and
the x-ray of the composite film (Col-HACOM). In the
same figure we also have the diffraction intensities of
the HA and CaHPO4 phases obtained from the litera-
ture (from JCPDS [24]) and denoted by bars. One can
see that the HA powder (HA-COM) present the main
peaks associated to crystalline HA. If one compares
with the HA-REF one can notice that extra peaks are
present (X) indicating that one can have an extra phase
in the commercial product. This phase was identified
as CaHPO4. We believe that the presence of CaHPO4
could be a trace of the original product of the original
reaction used to produce HA.

In the same figure one has the x-ray diffraction as-
sociated to the collagen film (Col). For the collagen

Figure 2 X-Ray diffraction of the collagen film, collagen-HACOM film,
and HACOM powder. The vertical bars are associated to CaHPO4 and
HA obtained from the literature (JCPDS [26]).

film a broad band for the x-ray diffraction was ob-
served (Fig. 2). For the collagen-HA composite film
(Col-HACOM) a high degree of crystallization was ob-
served. The main peaks associated to the crystalline HA
is present in sample of collagen-HACOM (see Fig. 2).
In Fig. 3 one has the x-ray diffraction of the nanocrys-
talline HA powder (HAN), obtained by mechanical
milling. The process was described before. In this pro-
cedure one uses reaction 1 with 60 hours of milling.
According with the x-ray diffraction the average dimen-
sion of the HA grains is around 39 nm (see Fig. 3) which
were used to prepare our composite film (Col-HAN).
In the same figure one has the x-ray diffraction from the
pure collagen film (Col) and the x-ray of the composite
film (Col-HAN). In the same figure we also have the
diffraction intensities of the HA and CaH(PO4)2 H2O
phases obtained from the literature (from JCPDS [24])
and denoted by bars. One can see that the HA powder
(HAN) present the main peaks associated to crystalline
HA. However when we look for the composite sam-
ple (Col-HAN) one can notice peaks associated to HA
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Figure 3 X-Ray diffraction of the collagen film, collagen-HAN film,
and HAN powder. The vertical bars are associated to CaH(PO4)2H2O
and HA obtained from the literature (JCPDS [26]).

and extra peaks are present (�) indicating the presence
of an extra (Ca, P) phase in the film. This phase was
identified as CaH(PO4)2 H2O. In the same figure one
has the x-ray diffraction associated to the collagen film
(Col). For the collagen film a broad band for the x-ray
diffraction was observed (Fig. 3).

4.2. Infrared spectroscopy
In Fig. 4 one has the FT-IR spectroscopy measure-
ments on HA-COM powder, col-HACOM composite
film and collagen film (Col). For the HA-COM pow-
der, resonances associated to the stretching mode of
(PO4)3− ion, were observed at 1020 and 954 cm−1,
respectively. Resonances associated to the stretching
mode of the (CO3)2− ion, were also observed at
876 cm−1. The peaks at 566 and 603 cm−1 belong to
the vibrations (ν4) of the phosphate group of HA.

The resonances around 1445 cm−1 and 1420 cm−1

are the result of carbonate stretching vibrations. The
IR spectra of Collagen Film (Col) shows a strong ab-
sorption band associated to amide I (C=O) at about
1650 cm−1, a strong amide II (N H) at 1558 cm−1 and
a band centered at 1238 cm−1, representing the amide
III (C N) vibrational modes. The ratio between absorp-
tion peaks to bands in 1238 cm−1 and at 1450 cm−1,
which has been shown to be very sensitive to the pres-
ence of the tertiary structure of native collagen, that
is related to pyrrolidine ring vibrations, was always
higher than one, showing that the integrity of colla-

Figure 4 Infrared spectra of the collagen film, collagen-HACOM film,
and HACOM powder.

gen structure was maintained [25–28]. The spectrum
of Col-HACOM composite sample is characterized by
absorption bands arising from HA and Col, determined
by analogy with FT-IR spectra of pure HA and Col
standard samples. Absorption bands at 561–609 cm−1

associated to the (PO4)3− groups of HA, while two
pronounced absorption bands with maxima at 960 and
1085 cm−1 arise also from the phosphate groups from
HA. In Fig. 5 one has the FT-IR spectroscopy mea-
surements on HAN powder, col-HAN composite film
and collagen film (Col). In this spectra, the character-
istic absorption bands of HA are observed. The bands
at 567 cm−1 (ν4), 603 cm−1 (ν4), 1041 cm−1 (ν3), can
be attributed to the PO3−

4 ion. The bands at 1473 cm−1

and 1413 cm−1 attributed to CO2−
3 . Vibrations associ-

ated to OH− are detected by the band at 1630 cm−1.
One interesting point is the existence of absorptions
associated to CO2−

3 at 1473 cm−1 and 1413 cm−1 for
HAN. For reaction 1, HA1, one should not have the
presence of Carbon, however the commercial calcium
oxide (Ca(OH)2) used present a level of purity around
97%, where CaCO3 is present as an impurity around
3%. The spectrum of Col-HAN composite sample is

Figure 5 Infrared spectra of the collagen film, collagen-HAN film, and
HAN powder.
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(A)

(B)

Figure 6 (A) Scanning electron photomicrograph of the anionic collagen film (3500X); (B) Scanning electron photomicrograph of the anionic collagen-
HACOM composite film (1500X); (C) Scanning electron photomicrograph of the anionic collagen-HAN composite film (1500X); (D) Scanning electron
photomicrograph of the anionic collagen-HACOM composite film (3500X); (E) Scanning electron photomicrograph of the anionic collagen-HAN
composite film (15000X). (Continued).

characterized by absorption bands arising from HA
and Col, determined by analogy with FT-IR spectra of
pure HA and Col standard samples. Absorption bands
at 561–609 cm−1 associated to the (PO4)3− groups of
HA are much weaker now, while a pronounced absorp-
tion band with maxima at 1083 cm−1 arise also from the
phosphate groups from HA. Absorptions at 1238 cm−1,
1450 cm−1 and 1558 cm−1 are associated to collagen.

4.3. Scanning electron microscopy
Fig. 6A show the scanning electron photomicrograph
of anionic collagen sponge, where we can see the

bundles of collagen. These fibers were soaked in a
saturated solution of HA, and then dried in a lam-
inar flow of air. Figs 6B and C show the scanning
electron photomicrography of the Col-HACOM and
Col-HAN films, respectively, which shows deposits of
HA on the surface of collagen. Figs 6D and E shows
the scanning electron photomicrography of the same
films, with a higher approximation of HA crystals. It
shows that HACOM crystals has a dense feature (see
Fig. 6D), whereas the HAN crystals has soft porous
surface (see Fig. 6E). Energy-dispersive spectroscopy
(EDS) analysis (Fig. 7) showed that the main elements
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(C)

(D)

Figure 6 (Continued).

of the hybrid sponge were carbon, oxygen, calcium,
and phosphorus. The EDS of HACOM crystal, present
in the Col-HACOM composite showed a molar ratio
Ca/P = 1.71 (Fig. 7), whereas the Col-HAN compos-
ite (Fig. 7) the molar ratio of calcium and phosphorus
(Ca/P = 2.14) and the amount of carbon were greater.
The molar ratio obatained for the pure ceramics were
2.38 for HACOM ceramic and 2.07 for the nanocrys-
talline ceramic (HAN, see Fig. 7). These results suggest
that the HAN crystals are closer to the expected value
for the ratio Ca/P for hydroxyapoatite, which is around

2.15. The HAN ceramics interact with collagen forming
a composite that could be mimics the bone.

4.4. Piezoelectric measurements
In Fig. 1 one has the sample geometry we used for
the dielectric and piezoelectric measurements. Rect-
angular coordinates are assigned to the samples as
shown in Fig. 1. The 2-3 plane is the sample plane,
and the 1 axis is perpendicular to the plane of the sam-
ple. The flat faces of the samples are painted with a
silver electrode. The thickness and the diameter of each
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(E)

Figure 6 (Continued).

Figure 7 Energy Dispersive Spectroscopy in the collagen-HA com-
posite samples: Col-HAN (Ca/P = 2.14), Col-HACOM (Ca/P = 1.71),
HACOM powder (Ca/P = 2.38) and HAN powder (Ca/P = 2.07).

Figure 8 Electrical admittance as a function of external frequency and
the disk diameter (L) for the anionic collagen film (Col).

sample are found in Table I and Figs 8–10. For all the
studied samples the diameter ‘L’ was varied between
1, 0 cm to 4.4 cm, and the thickness ‘e’ was 27.88 µm,
150.72 µm and 97.68 µm for membranes of Col, Col-
HACOM and Col-HAN respectively. In Fig. 8 one has
the frequency dependence of the absolute value |Y | of
the admittance for anionic collagen film. The measure-
ment was done with the sample in disk type geome-
try as shown in Fig. 1. In this figure, one has thirteen
measurements for thirteen different diameters of the
disk, which is indicated in the figure. From Fig. 8, the
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Figure 9 Electrical admittance as a function of external frequency and
the disk diameter (L) for the collagen-HACOM composite film (Col-
HACOM).

Figure 10 Electrical admittance as a function of external frequency and
the disk diameter (L) for the collagen-HAN composite film (Col-HAN).

frequency constant, f ·L associated to the piezoelectric
mode of this sample was obtained. The average value
obtained for the shear mode was f · L ∼ 253.86 kHz.m.
In Figs 9 and 10 one has the admittance of composite
film of Col-HACOM and Col-HAN respectively. We
also did the measurement of the dielectric permittiv-
ity εT

11 at 1 MHz, which is the dielectric permittivity
obtained by a measurement of the capacitance at a fre-
quency below the fundamental resonance, and εS

11 at
1 GHz, which is the dielectric permittivity obtained
by measurement of the capacitance at a frequency
above the resonance mode, as we show in Table I.
With the experimental measurements of ε11, f · L and
ρ and using Equations 1–3 one can obtain the piezo-
electric strain element d14 for the piezoelectricity (see
Table I). The piezoelectric strain tensor element d14 ob-
tained for the anionic collagen was around 0.102 pC/N,

TABLE I I Loss factor (Q−1) for each sample as a function of the
sample diameter (L)

Col Col-HACOM Col-HAN

Q−1 L = 1.0 cm 0.16 – –
Q−1 L = 1.2 cm 0.16 – –
Q−1 L = 1.4 cm 0.16 – –
Q−1 L = 1.6 cm 0.159 – –
Q−1 L = 1.8 cm 0.153 0.132 –
Q−1 L = 2 cm 0.165 0.1 0.149
Q−1 L = 2.2 cm – – 0.2
Q−1 L = 2.4 cm 0.148 0.11 0.137
Q−1 L = 2.6 cm 0.157 0.11 0.127
Q−1 L = 2.8 cm 0.159 0.11 0.13
Q−1 L = 3.2 cm 0.146 0.11 0.15
Q−1 L = 3.6 cm 0.17 0.109 0.147
Q−1 L = 4 cm 0.3 0.108 –
Q−1 L = 4.4 cm 0.28 0.26 –

which is in good agreement compared with values re-
ported in the literature obtained with other techniques
[2, 8, 12]. In reference 15 collagen films were prepared
by evaporation and electro-deposition from solution.
It was observed that the electrodeposited films were
more organized presenting higher piezoelectric coeffi-
cients than the evaporated films, with values around
0.076 pC/N. For the collagen-HA composite mem-
branes a slight decrease of the value of the piezoelec-
tricity was observed. However the collagen composite
with nanocrystalline HA crystals (Col-HAN) present
a better result (d14 = 0.040 pC/N, see Table I) com-
pared to the composite with the commercial ceramic
(d14 = 0.012 pC/N, see Table I). This is an indication
that the nanometric particles of HA present little distur-
bance on the organization of the collagen fibers in the
composite. In this situation the nanometric HA are the
best candidates in future applications of these compos-
ites. From Table I one can see that Col-HAN composite
films present the lowest density and highest value for
the constant f · L . We believe that high ionic force due
to HA lead to a decrease of the self-organization (less
anisotropy) of the microscopic fiber structure of the
collagen, which could explain the slight decrease of
the collagen-HA piezoelectricity. In Table II one has
all the values of the loss factor Q−1 for all the samples.
On average the Col and Col-HACOM samples present
the higher and lower loss respectively, when compared
to the other samples. In these measurements the colla-
gen nanometric particles composite (Col-HAN) present
an intermediate loss as expected. This is an indication
that one can obtain higher piezoelectricity (d14) and
low loss using nanocrystalline HA for the composite
samples.

5. Conclusions
In this paper we did a study of the physicochemical, di-
electric and piezoelectric properties of anionic collagen
and collagen-hydroxyapatite (HA) composites, consid-
ering the development of new biomaterials which have
potential applications in support for cellular growth
and in systems for bone regeneration. The piezoelec-
tric strain tensor element d14, the elastic constant s55,
and the dielectric permittivity ε11 were measured for
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the anionic collagen and collagen-HA films. The X-ray
diffraction pattern of the collagen film (Col) shows a
broad band characteristic of an amorphous material.
For the collagen-HA composite film (Col-HACOM) a
high degree of crystallization was observed. The main
peaks associated to the crystalline HA is present in
sample of collagen-HACOM. For the nanocrystalline
composite, nanometric HA powder (HAN), obtained
by mechanical milling were used. According with the
x-ray diffraction the average dimension of the HA
grains is around 103 nm which were used to prepare
our composite film (Col-HAN). For the composite film
(Col-HAN) we have the diffraction intensities of the
HA and CaH(PO4)2 H2O phases. One can see that the
HA powder (HAN) present the main peaks associated
to crystalline HA.

The IR spectroscopy measurements on HA-COM
and HAN powders, Col-HACOM and Col-HAN com-
posite films and collagen film (Col) presents the main
resonances associated to the modes of (PO4)3− ion.
Resonances associated to the stretching mode of the
(CO3)2− ion, were also observed at 876 cm−1. The IR
spectra of Collagen Film (Col) shows a strong absorp-
tion band associated to amide I (C=O), amide II (N H)
and a band centered at 1238 cm−1, representing the
amide III (C N) vibrational modes. The spectrum of
Col-HACOM composite sample is characterized by ab-
sorption bands arising from HA and Col, determined by
analogy with FT-IR spectra of pure HA and Col stan-
dard samples.

The scanning electron photomicrography of the Col-
HACOM and Col-HAN films, respectively, shows de-
posits of HA on the surface of collagen. It also
shows that HACOM crystals has a dense feature,
whereas the HAN crystals has soft porous sur-
face. Energy-dispersive spectroscopy (EDS) analysis
showed that the main elements of the hybrid sponge
were carbon, oxygen, calcium, and phosphorus. The
EDS of HACOM crystal, present in the Col-HACOM
composite showed a molar ratio Ca/P = 1.71, whereas
the Col-HAN composite the molar ratio of calcium and
phosphorus (Ca/P = 2.14) and the amount of carbon
were greater. The molar ratio obatained for the pure
ceramics were 2.38 for HACOM ceramic and 2.07 for
the nanocrystalline ceramic. These results suggest that
the HAN crystals are closer to the expected value for the
ratio Ca/P for hydroxyapoatite, which is around 2.15.

The piezoelectric strain tensor element d14 obtained
for the anionic collagen was around 0.102 pC/N, which
is in good agreement compared with values reported
in the literature obtained with other techniques. The
collagen composite with nanocrystalline HA crystals
(Col-HAN) present a better result (d14 = 0.040 pC/N)
compared to the composite with the commercial ce-
ramic (d14 = 0.012 pC/N). This is an indication that the
nanometric particles of HA present little disturbance
on the organization of the collagen fibers in the com-
posite. In this situation the nanometric HA are the best
candidates in future applications of these composites.
The Col-HAN composite films present the lowest den-
sity and highest value for the constant f · L . We believe
that high ionic force due to HA lead to a decrease of the
self-organization (less anisotropy) of the microscopic

fiber structure of the collagen, which could explain the
slight decrease of the collage-HA piezoelectricity. On
average the Col and Col-HACOM samples present the
higher and lower loss respectively, when compared to
the other samples. In these measurements the collagen
nanometric particles composite (Col-HAN) present an
intermediate loss as expected. This is an indication that
one can obtain higher piezoelectricity (d14) and low loss
using nanocrystalline HA for the composite samples.
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